INTRODUCTION

S u p e r c r i t i c a l f l u i d e x t r a c t i o n (SFE) i s being developed as a p r a c t i c a l separation process for the food, f l a v o r , pharmaceutical, chemical and energy industries. The a p p l i c a t i o n o f s u p e r c r i t i c a l f l u i d s (SCF) as e x t r a c t i o n solvents i s based on the observation o f enhanced s o l u b i l i t y o f s o l i d s and l i q u i d s i n the solvents. The a p p l i c a t i o n o f the SFE technology o f t e n depends on our understanding o f the phase behavior o f mixtures i n the c i t i c a l region. While phase diagrams f o r b i n a r y f l u i d mixtures are c l a s s i f i e d i n t o s x categories
and have been i n v e s t i g a t e d i n m r e d e t a i l (e.g. r e f . 1-41, phase e q u i l i b r i a n v o l v i n g s o l i d s a t SFE conditions have n o t been so w e l l studied. The concern here dea s w i t h phase e q u i l i b r i a i n v o l v i n g a SCF and one or two solids.
PHASE DIAGRAMS OF BINARY AND TERNARY MIXTURES
There are two types o f solid-SCF phase diagrams f o r binary mixtures. temperature o f the s o l i d under consideration i s greater than the c r i t i c a l temperature o f the SCF. There i s no common range o f temperature i n which both pure components are i n the l i q u i d state. The simplest pressure-temperature (P-T) p r o j e c t i o n curve (Type I ) i s t h a t f o r a mixture w i t h the c r i t i c a l mixture curve runs continuously between the c r i t i c a l p o i n t s o f the two components.
observed. The phase behavior o f the systems sodium chloride-water ( r e f . 5) and carbon dioxide-methane ( r e f . 6) f o l l o w s Type I. Binary mixtures o f Type I are o f l i t t l e i n t e r e s t t o SFE operations. I n t h i s discussion emphasis i s placed on the second class (Type 11) o f mixtures, i n which the c r i t i c a l -m i x t u r e and the S-L-G curves are n o t continuous. Type I 1 u s u a l l y occurs f o r mixtures whose components are n o t chemically s i m i l a r and d i f f e r considerably i n size, shape and p o l a r i t y . The lower-temperature branch o f the SLG curve i n t e rsects the c r i t i c a l mixture curve a t the lower c r i t i c a l end p o i n t (LCEP). The s o l u b i l i t y o f the s o l i d i n the vapor ( o r gas) phase increases very r a p i d l y a t the LCEP. However, the amount o f s o l i d i n the SCF phase i s r a t h e r low. The higher-temperature branch o f the S-L-G curve begins a t the t r i p l e p o i n t temperature o f the s o l i d and ends a t the upper c r i t i c a l end p o i n t (UCEP), the i n t e r s e c t i o n o f the c r i t i c a l mixture curve and the S-L-G curve. s o l i d s o l u b i l i t y i s an extremely strong f u n c t i o n o f temperature and pressure i n the UCEP region, a t temperatures s l i g h t l y below the UCEP temperature and i n the v i c i n i t y o f the UCEP pressure. Phase diagrams f o r Type I 1 mixtures may be f u r t h e r c l a s s i f i e d i n t o three categor i e s according t o the shape o f the higher-temperature branch o f the S-L-G curve:
Type I I a : The S-L-G curve has a negative slope. The phase behavior o f the mixtures cont a i n i n g ethylene such as naphthalene-ethylene ( r e f . 71 and biphenyl-ethylene ( r e f . 8) belongs t o t h i s group.
The t r i p l e p o i n t A continuous three-phase solid-1 iquid-gas (S-L-G) curve i s The Type I I b : the s o l i d and the UCEP temperature. d i o x i d e such as naphthalene-carbon dioxide and biphenyl -carbon dioxide ( r e f . 9-11) belongs t o t h i s group. Type I I c : The S-L-G curve has a p o s i t i v e slope.
dioxide ( r e f . 12) and neon-argon ( r e f . 13) a t cryogenic conditions belongs t o t h i s group.
The pressure-temperature-composition (P-T-x) diagram as well as the pressure-temperature and pressure-composition p r o j e c t i o n s o f the P-T-x diagram o f Type I and the three subgroups o f Type I 1 are represented schematically i n Fig. 1 .
Experimental i n v e s t i g a t i o n o f phase e q u i l i b r i a f o r ternary mixtures c o n s i s t i n g a SCF and two n o n v o l a t i l e s o l i d s i s r a t h e r l i m i t e d i n s p i t e o f t h e i r p r a c t i c a l usefulness.
Koningsveld and Diepen ( r e f . 14) suggested t h a t three main types o f such ternary mixtures can be d i s t i n g u i s h e d according to the e x t e n t o f the existence o f binary and ternary c r i t ical end points:
Type I: p o i n t s (BCEP) o f the SCF and one o f the solids. Type 1 1 : Type 111: Systems w i t h BCEP and TCEP.
The S-L-G curve has a temperature minimum below the t r i p l e p o i n t temperature o f The phase behavior o f the mixtures containing carbon
The phase behavior o f hydrogen-carbon Systems w i t h o u t ternary c r i t i c a l end p o i n t s (TCEP), b u t w i t h binary c r i t i c a l end Systems without TCEP b u t with BCEP formed from the SCF w i t h both o f the solids. The two Sl-S2-L-G four-phase coexistence curves, one ends w i t h the t e r n a r y LCEP and the other w i t h the t e r n a r y UCEP, form the boundaries f o r SFC operations. It should be mentioned t h a t S142-L-G curves r e p o r t e d i n the l i t e r a t u r e are l i m i t e d t o very few systems ( r e f . 16, 17).
FIRST FREEZING P O I N T M E T H O D FOR MULTIPHASE COEXISTENCE CURVE A N D EQUILIBRIUM LIQUID COMPOSITION DETERMINATIONS
There i s no l a c k o f experimental e f f e c t s i n the determination o f s o l u b i l i t i e s o f s o l i d s i n SCF w i t h o r w i t h o u t a co-solvent ( e n t r a i n e r ) . However, the experimental r e s u l t s on the mu1 tiphase coexistence curves (S-L-G f o r b i n a r y and S,-S,-L-G f o r ternary mixtures) a r e r a t h e r l i m i t e d . D i f f e r e n t techniques are described i n the l i t e r a t u r e f o r determination o f these multiphase c o e x i s t e n t curves. Van Welie and Diepen ( r e f . 18) made P-T measurements a t various constant compositions. The i n t e r s e c t i o n s o f the liquid-gas and the sol id-gas i s o p l e t h s y i e l d the P-T p r o j e c t i o n o f the three-phase curve, 9, lo), the P-T p r o j e c t i o n o f the three-phase curve was determined by slowly increasing the temperature o f an i n i t i a l solid-gas c o n d i t i o n a t constant pressure u n t i l the s o l i d begins t o melt, and the temperature was taken to be the three-phase temperature. This i s the so-called " f i r s t m e l t i n g p o i n t " (FMP) method. I n the approach o f van Welie and Diepen ( r e f . 181, composition o f both the l i q u i d and the vapor phases along the three-phase curve were determined, b u t the procedure i s tedious and time consuming. The FMP method i s r e l at i v e l y straightforward.
However, i t would be d i f f i c u l t to determine the l i q u i d phase corn p o s i t i o n , The u n i f o r m i t y o f the l i q u i d phase composition could n o t be ensured, because d i f f i c u l t i e s encountered i n a g i t a t i n g the c e l l content a t the f i r s t m e l t i n g o f the s o l i d . ( r e f . 18, 19) f o r the systems naphthalene-ethylene and naphthalene-ethane, i t a pears t h a t only data reported i n the l i t e r a t u r e are those from our l a b o r a t o r y ( r e f . 11, 16r f o r the b i n a r y systems naphthalene-carbon dioxide, biphenyl-carbon dioxide and phenanthrene-carbon dioxide; and the ternary systems naphthalene-biphenyl-carbon dioxide and naphthalenephenanthrene-carbon dioxide. The P-T-x values along the S-L-G curve f o r the binary system m-terphenyl-carbon d i o x i d e are presented i n Table 1 S i m i l a r observation was obtained w i t h t h e v a r i a t i o n o f temperature. Namely, (aT/ay) i s s m l l i n the v i c i n i t y o f the UCEP temperat u r e and (aT/By)p = 0 a t the UCEP temperatbe.
I t i s t h i s s e n s i t i t y o f the s o l u b i l i t y w i t h small changes i n pressure o r temperature i n the v i c i n i t y o f the UCEP t h a t provides the opportunity f o r SFE processes. I n a d d i t i o n to the i n t e r s e c t i o n method, McHugh and P a u l a i t i s ( r e f . 22) estimated the UCEP f o r naphthalene and biphenyl i n s u p e r c r i t i c a l carbon dioxide based on the c h a r a c t e r i s t i c s
o f the P-y curves, and McHugh and Yogan ( r e f . 10) determined the UCEP f o r several b i n a r y system by observing the pressure and temperature a t which c r i t i c a l opalescence i s observed along the S-L-G curve f o r a very s l i g h t change i n e i t h e r pressure o r temperature.
The apparatus used i n the FFP method as shown i n Fig. 2 
o f the procedure i s given here. The e q u i l i b r i u m c e l l A was purged w i t h carbon d i o x i d e before s o l i d naphthalene was changed. u n t i l the s o l i d i n the c e l l was melted completely. Then the c e l l was purged again w i t h carbon dioxide. The temperature o f the a i r bath could be adjusted t o the desired temperat u r e f 0.05 K. The temperature o f the c e l l was monitored by two thermocouples. L i q u i d carbon d i o x i d e was compressed by the pressure i n t e n s i f i e r G, introduced t o and vaporized i n the c e l l u n t i l the pressure i n the c e l l was brought t o an appropriate l e v e l . The accuracy o f the pressure measurement was estimated t o be ? 0.05 MPa. The l i q u i d mixture i n the c e l l was r e c i r c u l a t e d by means o f the magnetic pump B. The e q u i l i b r i u m c o n d i t i o n was reached when there was no m r e change o f the system pressure a t the desired temperature. Sampling o f the l i q u i d phase was made 30 t o 40 min. a f t e r the e q u i l i b r i u m pressure was reached. The accuracy o f the l i q u i d composition determination i s estimated t o be ? 0.005 mole f r a c t i o n . For each isotherm, the experiments were c a r r i e d o u t u n t i l the l i q u i d -g a s c r i t i c a l p o i n t was reached. A t the c r i t i c a l point, the meniscus between the l i q u i d and gas phases disappeared, the m i x t u r e i n the c e l l turned s c a r l e t and the c r i t i c a l opalescence reached i t s maximum i n t e n s i t y . When pressure o f the system was f u r t h e r increased above the c r i t i c a l point, the s c a r l e t c o l o r disappeared and only one phase e x i s t e d i n the c e l l . The experimentally determined P-T-x values a t the three temperatures f o r the naphthalenecarbon d i o x i d e system are reported i n Table 2 . The P-T p r o j e c t i o n s o f the L = G c r i t i c a l l o c i and the S-L-G curve are presented i n Fig. 4 . The temperature and pressure o f the UCEP f o r naphthalene-carbon dioxide were established t o be 333.4 K and 25.9 MPa, respectively. The corresponding values reported i n the l i t e r a t u r e are 336.2 K and 24.3 MPa ( r e f . 221, and 333.3 K and 25.6 MPa ( r e f . 10). Although the values obtained from the i n t e r s e c t i o n method are more r e l i a b l e , the estimated values obtained from the other two approaches appear t o be close enough f o r engineering approximations.
CALCULATION OF SOLID SOLUBILITIES IN SCF BY M E A N S OF CUBIC EOS
The a p p l i c a t i o n o f a n a l y t i c a l expressions, such as an equation o f s t a t e (EOS), t o the representation o f pressure-temperature-composition along the multiphase coexistence curves r e q u i r e s f u r t h e r studies. On the other hand, some improvements The q u a n t i t y O1 i s given by and can be c a l c u l a t e d by means o f an EOS.
I n an e f f o r t to determine the c o n t r o l l i n g v a r i a b l e i n the evaluation o f the key q u a n t i t y O1, Adachi e t a l . ( r e f . 30) r e c e n t l y considered the VDW type cubic EOS o f the form
w i t h b2 # b3. 
The c h a r a c t e r i s t i c s o f the q u a n t i t i e s involved i n eqn. (10) based on an e a r l i e r study ( r e f . 31) are:
1.
2.
3.
Consequently, 6, o f eqn. (10) 
CONCLUDING REMARKS
The a v a i l a b l e data i n d i c a t e t h a t there i s a temperature minimum on the multiphase coexistence curve f o r the b i n a r y and ternary systems w i t h carbon dioxide as the s u p e r c r i t i c a l f l u i d and naphthalene, biphenyl , m-terphenyl, phenanthrene and octacosane as the s l i g h t l y v o l a t i l e component(s); and t h a t there i s no temperature minimum on the multiphase coexistence curve for the binary and ternary systems w i t h ethylene as the s u p e r c r i t i c a l f l u i d and naphthalene, biphenyl, hexachloroethane and octacosane as the s l i g h t l y v o l a t i l e compon e n t (~) .
The f i r s t f r e e z i n g p o i n t appears to be s u i t a b l e f o r the determination o f multiphase coexistence curves f o r b i n a r y and ternary system leading t o the upper c r i t i c a l end p o i n t .
The representation o f s o l u b i l i t y data by a d j u s t i n g the parameter bl f o r the s o l i d or by applying an empirical " c h a r a c t e r i s t i c f r a c t i o n " seems t o be promising.
